Abstract-The authors demonstrate single-polarisation WDM transmission with capacities higher than 400 Gb/s and 1 Tb/s, and show the possibility of obtaining capacity in excess of 4 Tb/s for interconnect applications within and between data centres, based on a single laser source. Quantum Dash (Q-Dash) passively modelocked lasers (PMLLs), with free spectral ranges of 82.8, 44.7, and 10.2 GHz, were used for the generation of a large number of carriers, enabling high data rate transmission. The terabit per second transmission using Q-Dash MLLs was demonstrated in this paper, and was enabled using intensity modulated and directly detected (IM/DD) single-side band orthogonal frequency-division multiplexed signals. The system performance was investigated for a propagation distance of 3 and 50 km of standard single mode fibre indicating the potential for interconnect applications within and between data centres. The relative intensity noise (RIN) of all Q-Dash devices was characterised, and the effect of RIN on the system performance was investigated by examining the errorvector magnitude of OFDM subcarriers over the desired frequency range.
solution offering high throughput, reduced latency and power consumption [1] [2] [3] [4] . Integrated interconnect solutions which often incorporate strong confinement microphotonic devices are typically polarisation sensitive [5] , and the simplest solution is to encode data on only a single polarisation of light. Furthermore, transmission links within data centres are anticipated to be no longer than 2 km and therefore performance specifications for the optical transceivers within the data centre are significantly relaxed, compared to long-haul transceivers, allowing for a lower cost per module. For example, shorter transmission distances will reduce the penalty due to relative intensity noise (RIN), and transmitter lasers used in data centre interconnects will potentially adopt the IEEE 802.3 GBase standard which tolerates −125 dB/Hz of RIN [6] . Slightly more stringent RIN requirements can be expected for interconnect applications between data centres, where optical links are typically no longer than 80 km [6] [7] [8] . The requirements for reduced network complexity and cost-effective approach cannot be fulfilled by simple scaling based on current optical technology within the data centres. Data centre operators will require much higher density optical interfaces that offer scalability from tens or hundreds of gigabits per second, to terabits per second [4] , [9] . Integrated laser arrays, e.g., vertical cavity surface emitting laser (VCSEL) arrays, are typically used to meet data centre operators' requirements regarding scaling network capacity [10] , [11] . Nevertheless, several limitations due to the practical implementation of parallel VCSEL arrays occur, such as imperfect alignment with embedded lensed arrays, e.g., smile error, when increasing the number of oscillators. An attractive alternative in developing WDM data centre interconnect solutions is based on a single multi-channel laser source [4] , [9] .
In this work we demonstrate WDM transmission with capacities higher than 400 Gb/s and 1 Tb/s, and show the possibility of obtaining a capacity greater than 4 Tb/s for interconnect applications within and between data centres based on a single laser source. The quantum dash (Q-Dash) passively modelocked lasers (PMLLs) [12] , grown on an S-doped (0 0 1) InP substrate with an active region composed of nine layers of InAs Q-Dashes separated by InGaAsP barriers, were used for the generation of a large number of carriers, enabling high data rate transmission. The lasers exhibit the characteristic squareshaped emission spectra [12] [13] [14] , with a spectral bandwidth in excess of 1.7 THz, and free spectral ranges (FSR) of 82.8, 44.7 and 10.2 GHz. The system performance was investigated for propagation distances of 3 and 50 km of standard single mode fibre (SSMF) indicating its potential for data centre applications. The RIN of all devices was studied extensively, and was found to be sufficiently low for the desired application. In reaching interconnect capacities in excess of 1 Tb/s, and showing the possibility of further increasing to more than 4 Tb/s, this work represents a considerable improvement in transmission capacity for Q-Dash based comb sources, with previous work achieving a capacity of 504 Gb/s (9 channels × 56 Gb/s) [15] . In [16] we have demonstrated Tb/s transmission using Q-Dash MLLs for the first time, and in this paper we extend this work by employing Q-Dash sources with different FSRs, by performing transmission over longer distances (50 km of SSMF), by specifically investigating the effect of the RIN spectrum on the system performance by examining the error-vector magnitude (EVM) of OFDM subcarriers over the desired frequency range, and also by comparing the performance of OFDM subcarriers obtained with the external cavity laser (ECL) and a filtered channel from the 82.2 GHz Q-Dash PMLL.
II. ENVISIONED FULLY INTEGRATED SOLUTION
The vision of a future chip-scale terabit-per-second optical interconnect transceiver incorporating the mode locked lasers used in this work is illustrated in Fig. 1 . The envisaged transmitters and receivers consist of a multi-chip assembly, with single-mode photonic wire bonds connecting the individual chips, for example described in [17] . In contrast to monolithic integration, this hybrid approach allows for the combination of different photonic integration platforms: a Q-Dash laser can be realised using III-V semiconductors [12] , and ring resonator filters, used for separation of optical carriers, could be made in silicon [9] , [18] . Using advanced modulation formats can increase the achievable channel bit rate from a given transmitter bandwidth beyond that of a directly modulated laser using ON-OFF key signalling, but requires the use of external modulators. Here suitable external modulator structures could be fabricated with a siliconon-insulator process [19] . The optical carriers generated by the Q-Dash PMLL are demultiplexed using ring-resonator filters, which can be arranged in a parallel or serial manner, as shown in Fig. 1(a) and (c), respectively. A feedback loop might be used to ensure the alignment of tunable ring-resonator filters and emission wavelength of the Q-Dash PMLL. Due to the size constraints, EDFAs are not used within current data centres, and therefore integrated semiconductor optical amplifiers (SOAs) can be used to compensate for losses within the hybrid photonic integrated chip. The SOAs could be fabricated on the same III-V platform that is used for the Q-Dash source [12] , [20] . Filtered and amplified carriers are individually modulated on a transmitter chip. At the receiver side optical carriers are demultiplexed using the same ring resonator filter structure, which can be arranged in a parallel or serial manner (see Fig. 1 (b) and (d)), like at the transmitter, and detected using a direct detection receiver, for example an APD.
III. Q-DASH DEVICES AND CHARACTERISATION
The devices used in these transmission experiments were single-section Q-Dash based lasers. The devices were grown by a gas source molecular beam epitaxy on an S-doped (0 0 1) InP substrate. The active region consists of nine layers of InAs Q-Dashes separated by InGaAsP barriers. This design provides a low optical confinement factor, resulting in a reduced impact of spontaneous emission on the amplitude and phase noise of the laser longitudinal modes [12] . Because of the lower coupling of amplified spontaneous emission to the lasing modes in Q-Dash structures, the intensity noise at frequencies around that of the carrier may be lower compared to quantum well structures. These buried-ridge stripe waveguide devices were processed with a ridge width of 1.5 μm. The ascleaved lasers used here have a total length of 550, 950, and 4000 μm, corresponding to repetition frequencies of 82.8, 44.7, and 10.2 GHz, respectively. All lasers were temperature controlled throughout the measurements at 25°C using a thermoelectric cooler module, which had an accuracy of ±0.1°C. [21] . The optical linewidth for each wavelength channel, measured for all devices using the delayed self-heterodyne technique, was found to be on the order of 10 to 20 MHz.
Characterisation of the amplitude noise is critically important as semiconductor mode-locked lasers can exhibit significant mode-partition noise (MPN) [22] , which could impair system performance [23] . The RIN of 82.8 and 44.7 GHz Q-Dash devices was determined for each individual spectral mode (16 selected modes for the 82.8 GHz laser; 40 modes for the 44.7 GHz laser) and also for the entire emission spectrum. Additionally, the RIN of the 10.2 GHz laser was determined for several selected modes, and also for the entire emission spectrum. Measured RIN spectra are shown in Fig. 2 (b), (d) and (f), and in all cases the individual spectral modes possess considerable intensity noise at frequencies below 2 GHz, but low intensity noise at higher frequencies. However, the measured RIN of the entire emission spectrum is very low. This disparity indicates the presence of MPN in these devices. A decrease in optical carrierto-noise ratio (OCNR) is observed for the devices with lower free-spectral ranges because for the same spectrum full width at half maximum, and for the same power coupled in the fibre (6-8 dBm), a larger number of modes were generated by longer devices. However, OCNR values of the comb lines used for data transmission experiments (in excess of 38 dB for the 10.2 GHz laser, 45 dB for the 44.7 GHz laser and 50 dB for 82.8 GHz laser) have been measured using a high-resolution (resolution bandwidth (RBW) = 1.44 pm) optical spectrum analyser, indicating suitable performance for IM/DD OFDM transmission [23] .
IV. EXPERIMENTAL SETUP
The experimental setup for the IM/DD SSB OFDM system is shown in Fig. 3 . The optical multicarrier source at the transmitter consisted of a Q-Dash PMLL, an Erbium doped fibre amplifier (EDFA) and a programmable optical filter (waveshaper (WS)) to select the desired number of channels. The spectral output from the optical multicarrier source consisted of between 16-160 tones (based on the Q-Dash PMLL used). In field installations, the generated comb lines would be separated by a de-multiplexer and each individual channel would be modulated independently. In this experiment all filtered comb lines were modulated by a single dual-drive Mach-Zehnder modulator (DD-MZM). The DD-MZM was biased at the quadrature point and then used to modulate the selected comb lines with an amplified SSB OFDM signal waveform generated from an arbitrary waveform generator (AWG, Tektronix AWG70002A) operating at 25 GSa/s. The detailed analytical derivation of the implemented SSB OFDM signal waveforms is given in [24] . Depending on the assumed forward error correction (FEC) with 7 or 20% overheads, SSB OFDM signals with raw data rates of either 28.2 or 33.6 Gb/s were used, respectively. The 28.2 Gb/s SSB OFDM signal was composed of 72 subcarriers, whilst the 33.6 Gb/s SSB OFDM signal consisted of 86 subcarriers. 16 QAM modulation was applied on each subcarrier, and the OFDM symbol rate was 97.65 MHz. The cyclic prefix occupied 6.25% of the IFFT size (which had 256 inputs), and the peak-to-average power ratios of the signals were about 11.5 dB. The total bandwidth of the 28.2 Gb/s signal was about 7 GHz, whilst the 33.6 Gb/s signal had a bandwidth of 8.3 GHz. An additional frequency offset of 800 MHz from the carrier frequency was applied, so the highest frequency component of the modulated signal was 7.8 GHz for the 28.2 Gb/s signal and 9.1 GHz for the 33.6 Gb/s signal. The offset was incorporated to avoid the strongest components of harmful signal-signal beating, characteristic for IM/DD OFDM systems [25] , [26] .
The WDM signal was de-correlated using an odd and even configuration with tunable cascaded dis-interleavers based on asymmetric Mach Zehnder interferometers (AMZI). This is a fair method of de-correlation as channel separations are larger than the bandwidth of the signals, thereby eliminating any performance penalty due to linear cross-talk [27] . The even channels were subsequently passed through a 5 m de-correlation fibre patchcord, and then passively combined with the odd channels. The de-correlated signals were then transmitted over 3 and 50 km of SSMF. For the case when the signal was transmitted over 50 km of SSMF, an additional EDFA was used to amplify the combined signals prior to launching the signal into the fibre. At the receiver side, the selected channels were filtered with the first tunable optical band-pass filter (OBPF) prior to being amplified by the receiver EDFA. After amplification, the desired channel was filtered with a narrow tunable OBPF. The filtered channel was detected using a 10 GHz receiver that consists of a p-i-n photodetector and an integrated trans-impedance amplifier. An avalanche photodetector (APD) based receiver provides significantly better sensitivity compared to a p-i-n receiver. Therefore, if an APD were used instead of the p-i-n, the EDFA at the receiver side would not be required. However, due to the bandwidth limitation of our APD, we used a p-i-n receiver in this experiment. The received signal was captured with a real time oscilloscope (RTO) operating at 50 GSa/s. Digital processing of the received signal, and bit error rate (BER) calculations, were performed offline using MATLAB.
V. RESULTS
The obtained experimental results are shown in Fig. 4 . Fig. 4(a)-(d) shows the results for the Q-Dash PMLL with 82.8 GHz FSR, whilst Fig. 4(e)-(h) shows results for the QDash PMLL with 44.7 GHz FSR. Finally, Fig. 4(i)-(l) presents the results for the Q-Dash PMLL with 10.2 GHz FSR.
The filtered 16 channels from the 82.8 GHz Q-Dash PMLL, which exhibit flatness of ∼4 dB, are shown in Fig. 4(a) . The corresponding OCNR, measured prior to amplification at the transmitter (see Fig. 3 ), for all comb lines that were used for the data transmission experiments is found to be greater than 50 dB (RBW = 1.44 pm)-owing to the relatively high output power distributed among the small number of modes. Channel performance was determined using BER measurements (for the received optical power of ∼0 dBm), and results obtained for the 82.8 GHz Q-Dash PMLL are given in Fig. 4(b) . After transmission over 3 km of SSMF, all channels exhibit performance below the 7% FEC limit (BER = 4 × 10 −3 ), whilst after transmission over 50 km all channels had performance better than the 20% FEC limit (BER = 1.6 × 10 −2 ). The performance after transmission over 50 km exhibits degradation, compared to the case when the signal was transmitted over 3 km of SSMF, which can be attributed to the significant nonlinear phase shifts among OFDM subcarriers, introduced by the data amplifiers used after the AWG to drive the DD-MZM [28] . This, coupled with a large amount of dispersion, causes penalties as the linear equaliser cannot properly compensate for this effect. The best achievable performance for the test bed, obtained using the ECL (Emcore ITLA module), gives BER = 1 × 10 −6 after 3 km, and BER = 1.5 × 10 −3 after transmission over 50 km of SSMF. The wavelength of the ECL used was 1545 nm and its OCNR was around 70 dB (RBW = 1.44 pm). Fig. 4(c) shows the measured average RIN (DC-10 GHz) for all 16 channels. RIN measurements of individually filtered comb lines were carried out as described in [29] , and the received optical power during the measurements was ∼ 1 dBm. The measured average RIN values for 82.8 GHz PMLL were in the range from −131 to -134 dB/Hz. The total measured average RIN (DC-10 GHz) for all channels was −144.2 dB/Hz. The measured constellation diagram (of all OFDM subcarriers) for channel 8 after 3 km of SSMF is shown in Fig. 4(d) . Degradation in performance can be observed when moving from higher wavelength channels towards lower ones, due to the reduction of the OCNR and increase of the RIN [23] . The aggregate raw capacities achieved with the 82.8 GHz Q-Dash PMLL were 451.2 Gb/s (16 × 28.2 Gb/s IM/DD SSB OFDM) after transmission over 3 km (7% FEC), and 537.6 Gb/s (16 × 33.6 Gb/s IM/DD SSB OFDM) after transmission over 50 km (20% FEC).
The 40 filtered channels from the 44.7 GHz Q-Dash PMLL, which exhibit flatness of ∼6 dB, are shown in Fig. 4(e) . The OCNR measured prior to amplification for all comb lines that were used for the data transmission experiments is found to be greater than 45 dB (RBW = 1.44 pm). The BER values obtained for the 44.7 GHz Q-Dash PMLL are given in Fig. 4(f) . All channels exhibit performance far below the 7% FEC limit after transmission over 3 km of SSMF. Furthermore, all channels have performance below the 20% FEC limit after transmission over 50 km. Similar to the case where the 82.8 GHz Q-Dash PMLL was used, the trend of reduced OCNR and increased RIN, when moving from higher wavelength channels towards lower ones, caused a degradation in performance. Fig. 4(g) shows the measured average RIN (DC-10 GHz) for all 40 channels. The measured average RIN values for the 44.7 GHz PMLL were in the range from -125 to -132 dB/Hz, and the total measured average RIN (DC-10 GHz) for all channels was -143.6 dB/Hz. The measured constellation diagram for channel 20 after 3 km of SSMF is shown in Fig. 4(h) . The aggregate raw capacity achieved with the 44.7 GHz Q-Dash PMLL was 1.128 Tb/s (40 × 28.2 Gb/s IM/DD SSB OFDM) after transmission over 3 km of SSMF (7% FEC), and 1.344 Tb/s (40 × 33.6 Gb/s) after transmission over 50 km (20% FEC).
The filtered optical spectrum from the 10.2 GHz Q-Dash PMLL, which contains 160 channels within ∼7 dB flatness, is shown in Fig. 4(i) . All filtered modes exhibit OCNR higher than 38 dB (RBW = 1.44 pm). The performances of the selected channels after transmission over 3 km of SSMF are given in Fig. 4(j) . The measured average RIN (DC-10 GHz) for the selected channels is shown in Fig. 4(k) , and the values obtained, for the 10.2 GHz PMLL, were in the range from -128 to -131 dB/Hz. The total measured average RIN (DC-10 GHz) for all channels was -132.5 dB/Hz. The measured constellation diagram for channel 80 is shown in Fig. 4(l) . The selected channels, which uniformly cover the entire emission spectrum of the 10.2 GHz Q-Dash PMLL, all exhibit performance below 7% FEC limit, indicating the possibility of a further increase in aggregate data rate up to 4.5 Tb/s (160 × 28.2 Gb/s IM/DD SSB OFDM). The spectral efficiency achieved with the 10.2 GHz PMLL was 2.76 b/s/Hz, and the optical spectrum of one filtered channel prior to photodetection is shown in Fig. 5 (measured with RBW of 1.44 pm). Narrow optical filtering was used here to isolate one of the wavelength channels (3-dB bandwidth of the filter was ∼8 GHz). Filtering caused minor signal degradation due to spectral roll-off, as the data spectrum has slightly deviated from the ideal OFDM spectral profile. Additionally, system performance was affected by in-band interference from non-ideally suppressed adjacent channels.
The effect of RIN on the system performance is made clear when the EVM of the 16-QAM SSB ODFM signal is examined more closely. The EVM values of 72 OFDM subcarriers for channel 14 (after transmission over 3 km of SSMF) of the 82.8 GHz Q-Dash PMLL (blue circles), and the ECL (dashed red squares), are shown in Fig. 6(a) . The RIN for channel 14 of the 82.8 GHz Q-Dash PMLL (blue line), and the ECL (dashed red line), over a frequency range of DC-10 GHz, is given in Fig. 6(b) . The best performance was achieved using the ECL (red squares) and these results show that the EVM degraded with increasing frequency (increasing subcarrier number). This is due to a nonlinear phase shift introduced by the data amplifiers used after the AWG to drive the DD-MZM, significantly impairing the ability to correctly reconstruct the OFDM signal at higher frequencies. This could be deterministically corrected in the AWG or eliminated by using electrical data drivers which have linear phase characteristic. At frequencies above 3 GHz, the performance of channel 14 from the 82.8 GHz Q-Dash PMLL closely resembled the performance of the ECL, albeit with a slight penalty. However, below 3 GHz the EVM of the filtered channel from the Q-Dash laser was significantly worse than that achieved with the ECL, and increased with decreasing frequency (or decreasing OFDM subcarrier number). The RIN spectra shown in Fig. 6(b) clearly indicate that the intensity noise of the filtered line from the Q-Dash laser increases at the lower frequencies, and the EVM increases accordingly. In comparison, the ECL exhibited a flat power spectrum and average RIN (DC-10 GHz) of -142.5 dB/Hz. This indicates that low-frequency intensity fluctuations are the main cause of performance degradation when using Q-Dash PMLLs as comb sources for IM/DD SSB OFDM transmission.
VI. CONCLUSION
The exponential increase of internet traffic, and the continued growth of cloud based services, has created the requirement for higher data throughputs within, and between, data centres. Industry surveys predict threefold growth of global data centre traffic until 2017. WDM based optical interconnects have been considered as a promising solution to meet increased data centre traffic demands offering high throughput and interface density, reduced latency and power consumption. Recently, interest in developing WDM data centre interconnect solutions based on a single multi-channel laser source is being expressed. This approach enables a more compact interface design, when compared to an equivalent design with multiple discrete lasers and components. Furthermore, hybrid integration platforms may enable designs which combine Q-Dash laser sources with silicon photonics-based components, which can greatly reduce the overall footprint and module size within the data centre optical interconnects.
In this paper we demonstrate single-polarisation WDM transmission with capacities higher than 400 Gb/s and 1 Tb/s, and show the possibility of obtaining capacity greater than 4 Tb/s for interconnect applications within and between data centres based on a single laser source. The Q-Dash PMLLs used in this work exhibit the square-shaped emission spectra with a spectral bandwidth in excess of 1. The latter project aims at implementing Tb/s sources on a silicon chip using QD-based optical frequency combs in collaboration with Alcatel, Mellanox and R&D groups. He was the Chairman of two international workshops. He has published more than 60 papers in peer-reviewed journals.
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